We estimated the annual incidence and diagnosed prevalence using population-based data on over 170 million de-identified patients to provide the most current epidemiologic estimates available. The ADPKD-diagnosed prevalence was 4.3 per 10,000 in the NAMCS, which closely corresponded with age-adjusted rates from patients with either commercial insurance or employer-sponsored Medicare supplemental insurance. The annual incidence was 0.62 per 10,000. Both nationwide data sets indicate that approximately 140,000 patients are currently diagnosed in the USA. We also found significant differences by gender and age. Females are nearly twice as likely as males to be diagnosed in early adulthood, while the incidence in males was highest in those aged 65 years or older. ADPKD appears more likely to be diagnosed in men after disease progression or the development of chronic kidney disease. Key Messages: Our results revealed striking age and gender differences in the incidence of ADPKD. Young women are diagnosed with ADPKD at nearly twice the rate of young men, perhaps due to the use of ultrasound in women during child-bearing years. This points to a need for increased recognition of ADPKD, with an emphasis on younger men in particular. ADPKD has been inaccurately perceived as a common condition based on misinterpretation of early epidemiologic data (1957) confirmed by our data and recent European data. ADPKD affects approximately 140,000 patients in the USA and meets the criterion for a rare disease. Our results indicate a need for further study of gender and ADPKD diagnosis, progression, management, and outcomes.
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DOI: 10.1159/000494923 places a substantial economic burden on healthcare systems, driven largely by ESRD expenditures [3] [4] [5] [6] . In 2014, 31,794 ESRD cases were attributable to polycystic kidney disease (PKD), making it the 4th leading cause of ESRD behind diabetes, hypertension, and glomerulonephritis [7] in the USA. ADPKD differs from most other causes of ESRD because it can be detected early in life, decades before the onset of ESRD. Thus, epidemiologic data on the full clinical spectrum of affected patients may be beneficial for understanding the lifetime, clinical course of ADPKD and for planning interventions to delay or prevent ESRD.
To better understand the burden of ADPKD in the USA, current estimates of the prevalence and incidence of ADPKD are essential, but estimating ADPKD prevalence at the population level is challenging. At any given time, a significant fraction of ADPKD cases are asymptomatic and thus undiagnosed [8] . This feature reflects, in part, the progression of ADPKD over decades, with clinically detectable reductions in renal function typically appearing during the third to fourth decade of life [9] [10] [11] [12] [13] [14] . The high cost of genetic testing and diagnostic imaging limits the feasibility of general population screening for ADPKD, and thus population-based data are more limited for ADPKD than for more common conditions.
Objectives
Although several epidemiologic studies of ADPKD have recently been published in Europe [15] [16] [17] [18] [19] , contemporary estimates of the incidence and prevalence in the USA are lacking. This study examines minimum or diagnosed prevalence, defined as the prevalence of diagnosed ADPKD cases divided by the population at a single point in time. This measure of disease burden is often used when data sources are limited to diagnosed cases, and it has been applied in other studies of autosomal dominant genetic disorders, such as Huntington's disease [20, 21] . The objectives of the present study were to estimate the annual incidence and prevalence of diagnosed ADPKD in the USA using patient level claims data and the National Ambulatory Medical Care Survey (NAMCS), and to compare these estimates with recently published epidemiologic studies and nationally generalizable, epidemiologic data resources.
Methods

Primary Data Sources Truven Health MarketScan
® Databases Administrative claims data have been routinely used to estimate the prevalence and incidence of disease [22] [23] [24] . The MarketScan ® Research Databases contain information on approximately 170 million de-identified patients and provide information reflecting real-world treatment patterns and encounters. These data include a collection of databases containing individual level health care claims, and hospital discharge information from a variety of fee-for-service, fully and partially capitated health plans. The data reflect the full range of health care settings in the USA such as physician offices, managed care organizations, and hospitals, as well as a full range of insurance plans including employersponsored commercial insurance, employer-sponsored Medicare Supplement for members who are eligible for Medicare, and state agency-sponsored Medicaid.
National Ambulatory Medical Care Survey The NAMCS, conducted by the Centers for Disease Control and Prevention, and the National Center for Health Statistics (NCHS), provides objective, nationally representative data about the use of ambulatory medical care services in the USA. Findings are based on a stratified random sample of visits to nonfederally employed physicians who are primarily engaged in direct patient care. The NAMCS contains information on patient symptoms, physician diagnoses, medications prescribed, diagnostic procedures, planned future treatment, and demographics for a random sample of patient visits collected during a randomly selected 1-week time period. Data is recorded primarily by US Census field representatives using an automated laptop-assisted instrument developed by the NCHS, although very rarely data were recorded by physicians or their staff.
US Renal Data System
The United States Renal Data System (USRDS) is a national data system that collects, analyzes, and distributes information about chronic kidney disease and ESRD in the USA. The USRDS includes demographic and clinical information on all US treated ESRD patients who qualify for Medicare and who survive a minimum of 90 days on renal replacement therapy [2, 7, 25] .
Literature Review
We also performed a literature review of epidemiologic studies of ADPKD using the National Library of Medicine PubMed database to identify publications from January 1, 2000, to March 1, 2018 . The search used the following Medical Subject Heading (MeSH) terms: ("polycystic kidney," or "autosomal dominant polycystic kidney disease," or "polycystic kidney disease") and ("incidence study," or "prevalence study," or "epidemiologic study"). The time period was chosen to include only contemporary, epidemiologic estimates based on case identification procedures utilizing modern diagnostic methods (such as ultrasound) for ADPKD detection.
Study Design Truven Health MarketScan
® Sample For this analysis the following 3 longitudinal MarketScan ® databases were used: commercial claims or employer-sponsored private health insurance, employer-sponsored Medicare Supplement insurance, and Managed Medicaid. Two prevalence estimates were derived, i.e., one in which the numerator included patients of any age with at least 1 annual medical claim with an associated diagnosis of ADPKD or polycystic kidney disease (unspecified type) (ICD-9-CM: 753.13 and 753.12, respectively or ICD10: Q61.2, Q61.3) and a second estimate that specified 2 or more annual medical claims with an ADPKD diagnosis. ADPKD prevalence was examined separately in the combined commercial claims and Medicare data, versus the Medicaid sample. The prevalence denominator included the number of patients enrolled into each health plan during the prevalence year. Incident cases in 2014 were identified as those without an ADPKD diagnosis claim during 2013, but with 2 or more ADPKD diagnosis claims in 2014, and continuous eligibility in 2013 to 2014. Similarly, incident cases in 2015 were those that were without a diagnosis code in 2014, and had 2 or more diagnosis codes in 2015, with continuous eligibility in 2014-2015. The incidence denominator included the number of patients enrolled into each health plan during the incidence year minus those who had already been identified as prevalent patients.
NAMCS Sample
We examined the 3 most recent years (2012-2014) of NAMCS data to determine the average annual period prevalence of diagnosed ADPKD in the USA for comparison with claims data analyses. The prevalence numerator included patients of any age with a primary, secondary, or tertiary diagnosis of ADPKD or polycystic kidney disease (unspecified type) during 2012-2014 (ICD-9-CM: 753.12 or 753.13). Due to the rarity of ADPKD, it was necessary to combine multiple years of data to obtain an adequate number of patient care visits for analysis. Sampling weights were applied to generate unbiased nationally representative estimates of outpatient visits throughout the USA. The combined sample from 2012 to 2014 provides information on 176,913 unweighted visits with a weighted size of n = 2,735,933,568.
US Renal Data System
This cross-sectional analysis examined the most recently available data to determine the number and rate of point prevalent, treated ESRD patients with ADPKD in the USA on December 31, 2014. ADPKD patients were identified with the code PKD as the "primary cause of renal failure," as assessed by individual physicians and reported on the CMS 2728 form. The prevalence denominator was the US population at the midpoint of the year 2014 based on estimates from the US Census Bureau [26] .
Statistical Methods NAMCS survey data were analyzed using the sampled visit weight that is the product of the corresponding sampling fractions at each stage in the sample design. The sampling weights have been adjusted by NCHS for survey nonresponse within time of year, geographic region, urban/rural, and ownership designations, yielding an unbiased national estimate of visit occurrences, percentages, and characteristics. Because of the complex sample design, sampling errors were determined using SAS v9.3 with SUDAAN ® from the Research Triangle Institute (RTI International). SUDAAN ® procedures properly account for complex design features, such as correlated observations, clustering, weighting, and stratification which takes into account the clustered nature of the sample.
Additional reweighting of encounter data was performed to estimate patient level counts using a method based on the principles of a multiplicity estimator to convert the NAMCS provider statistics aggregated at the visit level to statistics aggregated at the patient level. This method was developed by the NCHS and has been validated by comparing the results of this method with national surveys utilizing patient level data [27] . The average annual prevalence was calculated by dividing the 3-year total number of estimated ADPKD patients by 3 and then dividing by the population at the midpoint of the 3-year period.
Descriptive statistics such as frequencies and percent were generated for both the NAMCS data and the Truven Health MarketScan ® claims data. For the Truven data, stratified analyses by gender and age and year were also performed using SAS Enterprise Guide v7.1. Binomial proportion confidence intervals were calculated using the Wilson score interval [28] . Annual incidence and prevalence rates are presented as both crude and age-adjusted rates to allow examination of trends over time. For both incidence and prevalence analyses, all estimates are reported for the overall group, and stratified by age and by gender.
The USRDS data were accessed through the USRDS Renal Data Extraction and Referencing (RenDER) System, which is an online data querying application accessible through the USRDS website, allowing access to data on ESRD in the USA [25] . Prevalence rates were calculated using numerator data from the RenDER system and US population estimates from the US Census Bureau. The prevalence of ADPKD with ESRD was used to estimate the annual US prevalence using a method described in a previous publication [19] . This method applies an inflation factor derived from the ratio of total ADPKD prevalence to ADPKD with ESRD prevalence based on consistent results from population-based screening studies [29, 30] .
Sensitivity Analyses
The prevalence of diagnosed ADPKD has not been previously estimated using a national sample of patient level, insurance claims data. However, the validity of our method is supported by a recent study that found ICD-10 coding in administrative data could identify adult patients who meet strict clinical criteria for ADPKD as assessed through medical chart review [31] . A sensitivity analyses was performed to compare algorithms for detecting ADPKD in large populations. For the sensitivity analysis, the Truven Health MarketScan ® data claims data were analyzed using the following 3 approaches: (1) identifying patients based on a single ADPKD claim per year, (2) using a more stringent requirement of 2 or more claims per year to rule out coding errors or patients for whom the code may have been used for a rule-out diagnosis, and c) applying the additional criteria of an annual renal imaging study or specialist visit, with a buffer of 2 months at the beginning and end of the year.
Specialist visits were defined as a visit to either a nephrologist or a urologist. CPT 
Results
Incidence and Prevalence from the Literature
The literature review yielded 1,243 citations which were reviewed to select 3 population-based, US epidemiologic studies of ADPKD. Criteria used to select relevant studies included: national and regional population-based DOI: 10.1159/000494923 studies, and adequate sampling or inclusion of power analyses. Studies were excluded from consideration based on the following criteria: studies of populations outside the USA, laboratory-based versus population-based studies, small-sample studies that focused on specific subgroups of ADPKD patients, and genetic studies of individual families. Of the studies that were excluded, most focused on small convenience samples of ADPKD patients that were not generalizable to a regional or national population. The resulting population-based studies [32] [33] [34] are described in detail in the Appendix.
Although the resulting studies provide valid epidemiologic data, the restrictive definitions for case inclusion yield information on only a limited subset of ADPKD patients in the USA. For example, 2 studies provided ADPKD incidence estimates that are limited to patients with advanced disease. Reule et al. [34] reported an annual incidence rate of 7.5 per million cases of ESRD with PKD as a primary diagnosis, and O'Shaughnessy et al. [33] reported the proportion of ESRD cases in the USA diagnosed with PKD (2.4%). Although both studies suggest that ADPKD is uncommon in the USA, a true population-based incidence rate that includes all diagnosed patients cannot be determined from the data presented.
The remaining study [32] also focused on patients with advanced disease, defined as prevalent cases of ADPKD who received inpatient care in 390 hospitals in the USA. Inpatient resource utilization was the primary focus of this study, and the data presented provide key data on healthcare utilization patterns in ADPKD patients. Despite the large, population-based sample, the prevalence of hospitalized cases cannot be determined because hospital catchment areas do not align with regional population data. Thus, this and other recently published US studies have limited utility for the descriptive epidemiology of ADPKD because they are not inclusive of the general population of patients and focus primarily on patients with more severe disease.
Prevalence from National Data Sources ADPKD prevalence calculations from national data sources are summarized in the Appendix.
The average annual prevalence of diagnosed ADPKD in the USA from the NAMCS is 4.3 per 10,000. The annual prevalence of ADPKD in the USA was also found to be 4.3 per 10,000 using data from the USRDS, with adjustment for the proportion of ADPKD patients with ESRD from population-based screening studies in Europe [19, 29, 30] . The prevalence of hospitalized cases of ADPKD in the USA is much lower, at 0.56 per 100,000, as determined from the Agency for Healthcare Research and Quality, National Inpatient Sample [35] .
Incidence and Prevalence from Claims Data
The annual age-adjusted prevalence of diagnosed ADPKD among commercially insured patients increased from 1.74 per 10,000 in 2013 to 2.10 per 10,000 in 2015, as shown in Table 1 . A similar increase in age-adjusted diagnosed prevalence was evident for Managed Medicaid claims data from 2013 to 2014 (2.26 to 2.40 per 10,000), but prevalence rates then stabilized from 2014 to 2015 at 2.20 per 10,000. The average annual age-adjusted diagnosed prevalence of ADPKD in commercially insured patients was 2.06 per 10,000 and 2.28 per 10,000 in the Medicaid sample.
Large differences in diagnosed prevalence rates were evident by age (Table 1) . Among commercially insured patients, prevalence is lowest in the youngest and oldest age groups, and it peaks between the ages of 50-64 years (3.29/10,000), consistent with the average age of ESRD [7] . Although a similar pattern was evident in the Managed Medicaid sample, peak prevalence occurred at a slightly younger age, i.e., among those aged 35-49 years (3.8 per 10,000). The prevalence in the Managed Medicaid sample declined after the age range of 35-49 years, as compared to after ages 50-64 years in the commercially insured group, suggesting that survival time might be shorter in this patient group. Analyses by year demonstrate that the age-adjusted ADPKD-diagnosed prevalence increased in the much larger, commercially insured population over time from 1.74 in 2013 to 2.10 in 2015.
The diagnosed prevalence also varied by gender (Table  2 ) and was higher among females as compared to males (2.18 vs. 1.94 per 10,000) in commercially insured patients. This difference is statistically significant, as the confidence intervals do not overlap (Table 1) . Prevalence was also higher among females in the Medicaid sample (1.56 per 10,000 vs. 1.22 among males) ( Table 1) . Peak prevalence occurred in females aged 50-64 years, whereas peak prevalence occurred at older ages among males (65 years or older). These gender differences are consistent over time, as shown in analyses by year in Table 3 .
We found striking age-and gender-related differences in ADPKD incidence and diagnosed prevalence (Table 2) ; females are much more likely to be diagnosed with ADPKD at an earlier age than males. The incidence within the 20-to 34-year age group was 6.19 for females, versus 3.52 per 100,000 for males. Males are more likely to be diagnosed at older ages; the incidence is 18% higher in males aged 50-64 years than in females of the same age and 80% higher in males aged 65 years or older than in older females. 
Sensitivity Analyses
The proportion of identified cases using additional criteria of either an annual specialist visit or renal imaging study are presented in Table 4 . When commercial claims or Medicare patients were identified using only 1 annual claim with an ADPKD diagnosis, 73% were found to have had either a specialist visit or a renal imaging study during the same year (±2 months). This proportion increased to 80% when patients were identified based on 2 or more annual claims with an ADPKD diagnosis. Within the Medicaid population, these proportions were lower; for those identified with one annual diagnostic claim, the proportion was 58%, and for those identified with 2 or more annual diagnostic claims, the proportion increased to 65%. In both samples, the use of 2 or more annual codes is associated with higher retention in the sensitivity analyses. 
Discussion
Our analyses of the NAMCS and patient claims data provide the first population-based US epidemiologic data on ADPKD since the publication of incidence data collected from 1935 to 1980 in Olmsted County (MN, USA) [8] . Our use of both the NAMCS and patient claims data allowed us to generate an overall diagnosed prevalence estimate that is generalizable to the US, and to provide insight into age and gender differences in ADPKD incidence and prevalence using a large, nationwide sample.
To our knowledge, patient claims data have not previously been used to estimate the diagnosed prevalence of ADPKD in the USA. Our analyses provide support for this method because of the consistent results between claims data and other sources of data, along with supporting sensitivity analyses. The diagnosed prevalence of ADPKD for the US population was found to be 4.3 per 10,000 in the NAMCS survey sample, and age-adjusted prevalence rates in the commercial and Medicaid population were 2.06 and 2.28 per 10,000. The results show a close correspondence of 4.34 in the combined commercial and Medicaid populations versus 4.3 per 10,000 from national survey data.
Our US diagnosed prevalence estimate is consistent with our recently published prevalence estimate for Europe which was based on patient counts from national and regional registries, covering 19 EU countries and 81% of the EU population [19] . This approach yielded an ADPKD diagnosed point prevalence on December 31, 2012, of 3.96 per 10,000. Other recently published European studies [17, 36, 37] have yielded similar prevalence estimates ranging from 3.3 to 4.6 per 10,000. Also consistent with these results, a recent European meta-analysis of 8 epidemiologic studies yielded an average prevalence of 2.7 per 10,000 (95% CI = 0.73-4.67) and a point prevalence of 3.63 per 10,000 in the province of Modena (Italy) [38] . All recent prevalence estimates for the USA and Europe are much lower than a frequently cited prevalence rate of 1 in 400-1,000 [39] from a study published in 1957. Based on this early study, one might predict that as many as 400,000-700,000 Americans are affected with ADPKD, while our nationwide, population-based data indicate that only 140,000 patients are diagnosed with ADPKD. The discrepancy is related to the following 2 factors: (1) the rate from this early study, though often cited as "prevalence," is actually a measure of lifetime morbid risk (LMR) which is not comparable with point or period prevalence rates, and (2) there is potential for overestimation and misclassification in this early study as cases were identified from autopsy notes and the card indices of radiology departments and private clinics during 1920 to 1953, before modern diagnostic imaging methods and genetic testing were available to rule out other cystic kidney diseases. Further epidemiologic study using survival analysis methods that adjust for competing risk is needed to refine and update this early, and often misunderstood, estimate of the LMR of ADPKD.
Finally, additional support for our prevalence estimates comes from the USRDS data set. Population-based screening in some regions of Europe suggests that approximately 23% of diagnosed ADPKD cases are also diagnosed with ESRD [29, 30] . We applied this inflation factor to the US prevalence of ADPKD patients with ESRD and the resulting indirect prevalence estimate is nearly identical to the data-based estimate derived from the NAMCS (4.30 vs. 4.34 per 10,000). Thus, 3 different nationwide data sets, analyzed with different methods, consistently indicate that approximately 140,000 patients were diagnosed with ADPKD in the USA in 2017.
Our data is limited to diagnosed patients, and without widespread screening to detect asymptomatic patients, the total diagnosed and undiagnosed prevalence of ADPKD cannot be determined. However, it is possible to theoretically estimate the additional number of undiagnosed patients based on the results of recent European studies [17, 29] . These studies indicate that approximately 15% more cases might be detected after increased awareness and intensified population based screening [17, 19, 29] . We estimate that similar screening efforts in the USA could yield a total of 166,003 patients, with a screening prevalence of 5.08 per 10,000.
Although the prevalence of the PKD1/2 genotype in the population is certainly higher than our diagnosed prevalence measure, comparisons between our directly [40] . Population-based genomic data are needed to better elucidate the true prevalence of ADPKD and quantify unmet treatment needs. One limitation of our study is the reliance upon insurance claims to identify diagnosed ADPKD patients. For this reason, we compared our claims-based prevalence estimate to that obtained from a nationally representative physician survey of ambulatory care patients in the USA. The close correspondence between the 2 prevalence estimates supports the validity of claims data for epidemiologic studies of ADPKD. Other limitations are that claims databases are characterized by a limited duration of continuous enrollment and follow-up periods, and this type of data does not allow review of clinical information that may have occurred under a different health plan. This limitation is more likely to affect incidence versus prevalence estimates as these rely on identification of the first diagnosis of the condition. Future studies of ADPKD incidence with longer initial disease-free periods are needed. Perhaps the most striking findings are significant differences in the incidence and prevalence of ADPKD by gender and age. As ADPKD is caused by mutations in either PKD1 or PKD2 genes, and has complete penetrance [10] , all affected patients have the potential for diagnosis early in life. However, females are diagnosed during early adulthood at a much higher rate than males; the incidence of diagnosed ADPKD was 75% higher in females aged 20-34 years than in males. This difference may be related to the use of abdominal ultrasound during the first trimester of pregnancy, as this type of diagnostic imaging is also used to detect ADPKD.
To further explore the idea that the higher rate of diagnosis of ADPKD in young adult women may be related to ultrasound examinations during pregnancy, we compared the diagnosed prevalence of ADPKD in pregnant and nonpregnant women in the commercial insurance population. Among all women aged 20-34 years (n = 8,959,645), 1,046,007 had 1 or more ICD9 codes related to pregnancy 1 . The rate of ADPKD among nonpregnant women (n = 7,913,638) was 1.49 per 10,000, while this rate was 2.41 per 10,000 among pregnant women (Fisher's exact test, p < 0.001). These results provide support to the notion that ultrasound during pregnancy may be a pathway to the diagnosis of ADPKD in young adult women. Further research on this topic with a focus on incident cases and the timing of ultrasound exams is needed for a better understanding of how diagnostic imaging during pregnancy may impact the detection of ADPKD. This information would also provide insight into the extent to which ADPKD is underdiagnosed in the general population. Overall, we observed a pattern of later ADPKD diagnosis in males. The high incidence rate for men aged 65 years or older suggests that ADPKD may not be detected in many men until after the progression of chronic kidney disease. Delayed diagnosis in men may be related to the same factors that have been shown to delay the diagnosis of other chronic diseases, such as fewer preventive care doctor visits and delay in reporting symptoms [41] [42] [43] . The difference may also be related to gender differences in the experience of ADPKD-related pain; in a large study of quality of life in ADPKD patients, "females had more pain and reported greater interference with daily life than males for almost all of the pain questionnaire items" [44] . Thus, higher levels of pain in females may lead to earlier care seeking, detection, and diagnosis.
These age-and gender-related differences raise several questions for future research. Pregnancy screening for women and late-life development of chronic disease in men may serve as gateways to ADPKD diagnosis, but longitudinal research is needed to further explore these hypotheses. Our data also point to a need for more information on the relationship between earlier diagnosis and ADPKD progression and outcomes. For example, studies have shown an inverse relationship between the intensity of antihypertensive treatment and mortality in ADPKD [13, 37] , but little is known about whether earlier diagnosis, such as during pregnancy, is protective against disease progression. In addition, several studies have reported more rapid disease progression in men, including more severe hypertension and earlier onset of ESRD [45] [46] [47] . Our study raises the question of whether later disease detection in men accounts for some of the observed differences in disease severity. More research on gender differences in the diagnosis, management, treatment, and progression of ADPKD is clearly needed.
Conclusion
This study addresses an important gap in US ADPKD epidemiology, as it is the first nationwide epidemiologic study of ADPKD incidence and diagnosed prevalence. Several key points emerged from our findings. ADPKD affects approximately 140,000 patients in the USA, which fulfills the criterion for a rare disease. We found significant differences in diagnosis and detection of ADPKD by gender and age. Females are nearly twice as likely to be diagnosed in early adulthood compared to males, perhaps due to the use of abdominal ultrasound during childbearing years. Among males, the incidence was highest in the age group of 65 years or older, suggesting that ADPKD may not be detected in many men until after chronic kidney disease is diagnosed. Our results indicate a need for increased awareness of ADPKD and further study of gender and ADPKD progression, management, and outcomes. 
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